This work was aimed to study of fungicidal activity and mechanism of action of the killer toxin of Cryptococcus pinus VKM Y-2958. A killer-toxin preparation was obtained and partly purified from the culture liquid of the yeast Cryptococcus pinus. Its fungicidal activity against the pathogenic yeast Filobasidiella neoformans was assessed by assay of target cells growth inhibition and propidium iodide staining. The preparation contained three peptides with molecular masses of about 11 -13 kDa, which did not show similarities in the mass spectrometric analysis. When frozen, the killer-toxin preparation remained active for several years. The killer toxin of Cr. pinus exhibits the high fungicidal activity against the known pathogen F. neoformans, is stable during long-term storage, and its mechanism of action is based on damaging target cell membranes. The killer toxin was obtained by a simple procedure and is of interest for the development of novel fungicidal preparations.
The fungicidal activities of killer toxins can manifest themselves in damaging the cytoplasmic membrane and forming ion channels [4] [5] [6] . Such membrane-damaging effect leads to the intracellular pH decrease, the release of potassium ions, ATP, and other low-molecular compounds from target cells, and the suppression of amino acid transport to cells. In addition, some killer toxins arrest the cell cycle in different phases [7] , being the triggering mechanisms of apoptosis [7] [8] , and cause damage to transport RNA [9] and DNA [10] by exhibiting a specific anticodon nuclease activity and affecting yeast cell wall components, e.g., β-1,6-glucan [11] .
Investigation of the killer phenomenon in yeasts is a source of valuable information about some fundamental aspects of biology in eukaryotes and the interaction between different eukaryotic organisms. In addition, killer toxins are of unquestionable practical interest, because many of them demonstrate a broad range of activity against microorganisms, including those causing food spoilage [12] , as well as plant, animal and human pathogens [13] .
Recently, killer toxin secretion has been found in the yeast Cryptococcus pinus using co-cultivation method [14] . The killer toxin produced by Cr. pinus VKM Y-2958 has a rather broad spectrum of activity, exhibits fungicidal activity at low pH values of the medium, is thermolabile (completely inactivated after 5-min heating to 100˚C) and proteinase-resistant. The study of this killer toxin is highly interesting in the context of its activity against Filobasidiella neoformans causing mycoses.
This work was aimed at characterizing the killer toxin produced by Cr. Pinus VKM Y-2958 and investigating its fungicidal activity and the mechanism of action on target cells. 
Materials and Methods

Yeast Strains and Cultivation Conditions
Killer Toxin Preparation
The culture liquids of Cr. pinus and Cys. bisporidii yeasts were separated from biomass by 30-min centrifugation at 5000 g and concentrated by ultrafiltration using YM-10 membrane (Millipore, USA). The concentrates supplemented by ammonium sulfate to 70% saturation; the precipitates were separated by 60-min centrifugation at 12,000 g and dissolved in 0.04 M citrate phosphate buffer, pH 4.5. The resultant preparations were desalted by ultrafiltration using YM-10 membrane (Millipore, USA) with of 0.04 M citrate phosphate buffer, pH 4.5, or in Sephadex G-15.
The desalted killer-toxin preparation of Cr. pinus was exposed to chromato- The protein content in killer-toxin preparations was assayed according to Bradford [15] using Coomassie Plus (Thermo Fisher, United States) in standard microplates for immunoassays. The preparation (10 µL) and Coomassie Plus (300 µL) were introduced into each well. Optical density was measured with a microplate photometer (Sapphire, Russia) at 594 nm. Bovine serum albumin was used as a standard.
Electrophoresis of Killer-Toxin Preparation
The preparation containing the killer toxin of Cr. pinus was analyzed by electrophoresis according to Laemmli [16] in 15% polyacrylamide gel. In addition, the preparation was analyzed by electrophoresis in 16% polyacrylamide gel according to Schägger [17] for detecting the peptides. In both cases, the gel was stained with Coomassie R-250 (0.025%). For detecting glycoproteins, the gel was stained with Schiff reagent [18] , with the modifications described on the website: https://studylib.net/doc/7779551/glycoprotein-staining.
Mass Spectrometric Analysis
Protein bands were cut out after electrophoresis and staining; peptide molecular masses were determined after trypsine treatment using MALDI TOF spectrometry with LCODECAXP (Thermo Finnigan, USA). Peptides were identified with Mascot (http://www/matrixscience.com/).
Antifungal Activity Assay on Agarized Medium
The antifungal activity of killer-toxin preparations was determined on a glucose 
Determination of Antifungal Activity in Immunoassay Microplates
The antifungal activity of killer toxins was tested in immunoassay microplates in YPD-P medium with 0.04 M citrate phosphate buffer, pH 4.5. The immunoassay microplate contained 0.03 mL of the medium, 0.01 mL of cell suspension (the initial optical density in a well was 0.09 -0.12), and the killer-toxin preparation 
ATP Release from Yeast Cells
Propidium Iodide Staining
Results and Discussion
The The bands were well stained with Coomassie R-250 and were not stained with Schiff reagent, demonstrating that they were not glycoproteins. Electrophoresis of the preparation eluted with the buffer showed the presence of the same polypeptides as in the initial preparation. Since we failed to separate these polypeptides, the bands from polyacrylamide gel were analyzed by mass spectrometry. No similarities were observed in peptides composition between the tree protein bands under study (not shown). The results of searching for similar proteins in the databases are presented in Table 1 . The proteins A, B, C contained in the killer-toxin preparation demonstrate no significant similarity to E. Kulakovskaya et al. Gibberella zeae SwissProt each other; however, low-molecular membrane proteins with similar sequences, including those involved in transport processes, were found for each of them.
This fact suggests that the mechanism of action of this killer toxin is associated with the effect on target cell membranes.
It is known that many killer toxins causepermeabilization of the cytoplasmic membrane and release of low-molecular compounds and ions from the cell [4] [5] [6] . We used the ATP release methods for assessing the membrane damaging activity of killer toxins [20] . The release of ATP from Cr. terreus cells incubated with the Cr. pinus and Cys. bisporidii killer toxins was measured. The Cys. bisporidii killer toxin preparation was used as a control because its membrane-damaging effect is known [21] . The killer toxin of Cys. bisporidii caused the rapid release of ATP, reaching the maximum level already in 30 min of incubation. When the cells of Cr. terreus were treated with the killer toxin of Cr. pinus, the release of ATP was insignificant for even 60 min (Figure 4 ).
These data suggested that the killer toxin of Cr. pinus had no membrane-damaging activity.
An experiment was conducted to investigate the effect of treatment time on cell growth after toxin removal from the incubation medium. There was no growth inhibition in the microplates after 1-h treatment of Cr. terreus cells (data not shown), while 2-fold growth inhibition was observed after 24-h treatment ( Figure 5(A) ). The staining of killer toxin-treated cells of Cr. terreus with propidium iodide, the well-known fluorescent dye staining the cells with damaged plasma membrane, showed a 20-fold increase in the number of stained cells after 24-h incubation with the killer toxin ( Figure 5(B) ). The results demonstrate that the killer toxin of Cr. pinus has a membrane-damaging activity; however, manifestation of this activity requires a long-term period of treatment.
Conclusion
The killer toxin of Cr. pinus exhibits the high fungicidal activity against the known pathogen F. neoformans, it is stable during long-term storage, and its mechanism of action is based on damaging target cell membranes. The killer toxin was obtained by a simple procedure and is of interest for the development
